Focusing of 8 keV x rays to a spot size of 150 and 90 nm full width at half maximum have been demonstrated at the first-and third-order foci, respectively, of a phase zone plate ͑PZP͒. The PZP has a numerical aperture of 1.5 mrad and focusing efficiency of 13% for 8 keV x rays. A flux density gain of 121 000 was obtained at the first-order focus. In this article, the fabrication of the PZP and its experimental characterization are presented and some special applications are discussed.
I. INTRODUCTION
Zone plates ͑ZPs͒ are among the most promising microfocusing optics being developed for x-ray applications. [1] [2] [3] [4] [5] In the soft x-ray spectral region, ZPs with a focal spot approaching 20 nm are being developed and will be used for various imaging techniques. [1] [2] [3] [4] In fact, the focal size is the smallest obtained in the electromagnetic spectrum. Correspondingly, the images produced using these ZPs are of the highest spatial resolution obtained in an imaging microscope in the electromagnetic spectral region. Although a sputtering/ slicing technique, which in principle is capable of producing ZPs with spatial resolution approaching 10 nm, was proposed long ago and is being continuously developed, [6] [7] [8] [9] nearly all the ZPs in use today in the soft x-ray region are fabricated using various forms of an electron beam lithographic technique. [1] [2] [3] [4] These techniques, however, may not be directly used for producing ZPs for hard x-ray applications because the thickness required is beyond the fabrication capabilities. In order to fabricate ZPs with adequate thickness for hard x-ray applications, we have developed a technique to transfer a ZP pattern produced using electron beam lithography into one with adequate thickness. 10 In this article, we report the first experimental demonstration of focusing 8 keV x rays to a 150 nm full width at half maximum ͑FWHM͒ focal spot size in the first-order focus and a FWHM focal spot size of 90 nm in the third-order focus. A flux density gain of 121 000 was obtained at the first order focus. The fabrication process used for producing this PZP is briefly described and some of its applications to the study of biological systems are presented and discussed.
II. PZP PARAMETERS
Among many parameters, the spatial resolution and focusing efficiency of a microfocusing device are the most important ones that characterize its performance. Because the flux density at a focus is proportional to the square of the numerical aperture of the focusing optic, which is inversely proportional to its spatial resolution, a focusing optic with a high spatial resolution may be very desirable for experiments in which the high spatial resolution is not required but a high flux density is necessary.
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The spatial resolution of a ZP is given by 12 ␦ r,m ϭ1.22 ⌬r k /m,
͑1͒
where ␦ r,m is approximately the FWHM of the Airy disk of the zone plate for the mth diffraction order, and ⌬r k is the outer-most zone width. It should be noted that the spatial resolution of the third-order focus (mϭ3) is 3 times smaller than that of the first-order focus (mϭ1).
The focusing efficiency of a ZP depends on the materials used for construction of the zones and its profile. [13] [14] [15] ZPs with a square wave zone profile are called Soret amplitude zone plates if the focusing originates mainly from the relatively different absorption of two neighboring zones, and are called PZPs if the focusing originates mainly from relative phase change between two neighboring zones. The zone plate presented in this paper is a PZP.
The thickness required for obtaining a phase shift for x rays of wavelength is given by tϭ/2␦, where nϭ1Ϫ␦ is the real part of the refractive index of the material from which the zones are constructed, and is the wavelength of the incident radiation. For Au and Ni, the required thickness t is 1.5 and 3.3 m, respectively, for 8 keV x rays. Adopting the definition of aspect ratio as the ratio of the thickness to the smallest line width in a pattern, the required aspect ratio for producing a PZP with the outer most zone width equal to 100 nm is 15 and 33 for Au and Ni, respectively. These requirements are beyond the capabilities of even state-of-theart microfabrication facilities with a single processing step. Several approaches have been developed by us to effectively approach the required aspect ratio. 10 One approach involves duplicating the PZP pattern on another side of a thin membrane, on which the original PZP pattern was made. In this duplication printing process, the original PZP is used as the mask during exposure of the photoresist on other side. As such, the alignment between the two PZP patterns is intrinsically good. In a similar approach, the same zone plate pattern is duplicated on top of the original PZP pattern. With both approaches, it is, in principle, possible to reduce the required aspect ratio for each PZP pattern by a factor of two. However, because a negative tone resist has to be used for the duplication process and because the negative tone photoresists used in our experiment generally do not have the required high spatial resolution, it is difficult to achieve factor two reduction in the aspect ratio. Nevertheless, we have successfully used the two approaches above to increase the effective aspect ratio of the PZP. 10 We have also successfully demonstrated alignment of two zone plates by mechanical means to double the effective thickness and thus reduce the aspect ratio requirement by a factor of two. 16 For all these approaches, it is essential to produce high-aspect-ratio fine structures for improving the spatial resolution of PZPs with adequate focusing efficiencies. The detailed fabrication process was published previously, 10 and only a brief summary is provided here. The process for replication of high-aspectratio Au patterns typically includes x-ray lithography, reactive ion etching ͑RIE͒ and electroplating. X-ray lithography is capable of providing sub-100-nm resolution and highaspect-ratio patterns due to large depth of focus and low x-ray absorption in photoresist. Until recently, however, it was difficult to reach an aspect ratio more than five for fine dense patterns for various reasons, including poor adhesion of the photoresist to the gold film used as an electroplating base, and surface tension between features during photoresist development and the drying process. Previously, we have developed and optimized a process to achieve an aspect ratio larger than six by using an adhesion layer ͑thin negative resist͒ and a low-surface-tension rinse liquid, and replicated 100 nm line/space ͑L/S͒ PZP patterns of 0.6 m thickness. To further increase the aspect ratio, recently we have developed a wet process which eliminates drying the substrate between the initial photoresist development and the final Au electroplating. In this new process, the substrate was quenched in water after its development. Without drying and RIE etching the substrate, which is often used in standard x-ray lithography, the substrate was directly transferred into a diluted HF solution to etch away a layer of MS805: C 20 H 29 O 3 Si, which was used to promote the adhesion between the photoresist and the Au electroplating base. Subsequently, the substrate was quenched in water and was transferred into a plating solution. Using this wet process, we were able to achieve an aspect ratio of nine for 103 nm Au L/S PZP patterns described in this article. It is worth to point out that the original PZP mask made by e-beam lithography was a ZP with the outer most zone width being 80 nm and an Au thickness of 150 nm. After x-ray replication, we achieved the smallest linewidth of 103 nm and an Au thickness of 900 nm. The sub-100-nm lines collapsed in the mask replication process due to the low contrast of the original mask.
The key parameters of the fabricated PZP are given as diameterϭ145 m, outer most zone widthϭ103 nm, thickness of Auϭ900 nm, focal length at 8 keVϭ10 cm.
III. EXPERIMENT
The experiments for characterization of the focal spot size of the PZP were performed at the 2-ID beamline of the Advanced Photon Source ͑APS͒ at Argonne National Laboratory. 17 X rays of 8 keV were selected using a watercooled double crystal ͓Si͑111͔͒ monochromator from a beam of synchrotron radiation generated from APS undulator A and were reflected from a silicon mirror with an incident angle of 0.15°. The management of the thermal power of the undulator radiation using a mirror with a cut-off energy ͑12 keV͒ ensured the high performance of the crystal monochromator, which was located downstream of the x-ray mirror. The PZP was placed at 71.5 m from the x-ray source. Because the spatial resolution of the measurement would be limited by the vertical size of APS undulator A source ͑150 m in FWHM͒ given a demagnification factor of 715 obtained from the ratio of source-to-zone-plate distance over the ZP focal length, a virtual source was made by placing a pair of water-cool slits with openings of 35ϫ35 m at 43.5 m upstream of the ZP. As such, the FWHM size of the source image at the ZP focal plane was reduced from 210 to 80 nm. The monochromatic beam was apertured to a size of 200ϫ200 m before it illuminated the ZP. A platinum ordersorting aperture of size 20 m was placed 10 mm upstream from the image plane to increase the contrast of the source image.
The focal spot size was determined using a knife-edge scanning technique. The knife edge used was a 200 Å thick Cr deposited on a Si wafer. It was fabricated by first depositing the Cr film on a Si wafer and then cracking it at liquid nitrogen temperature. Using this method, we have successfully made sharp and straight knife edges with different metals. By scanning the knife edge across the focal spot in the focal plane while monitoring the Cr K␣ fluorescence, the intensity distribution of the focused beam is then determined. The scanning stage was a piezo-driven stage ͑Queensgate 100͒ capable of 10-nm resolution, and an energy-dispersive detector ͑Ge, Canberra͒ was used to measure the fluorescence signal. The focal plane was determined by making knife-edge scans at different distances between the ZP and the knife edge. Figure 1 shows the measured Cr (K␣) fluorescence intensity profile at the focal plane scanned in the vertical direction. For data analysis, the experimental data were fitted with an error function, and a uniform background was assumed. The vertical intensity profile of the source image was then obtained by taking the derivative over the fitted fluorescence intensity profile. The beam intensity profile gives a FWHM vertical spot size of 150 nm. Using the same procedure, we have determined that the focal spot size at the third-order focus to be about 90 nm. we have ␦ r,m ϭ126 and 42 nm for mϭ1 and 3, respectively. Using Lϭ43.5 m, f 1 ϭ10 cm, and f 3 ϭ3.3 cm, we have ␦ i,1 ϭ80 nm, and ␦ i,3 ϭ27 nm. Using expression ͑2͒ we obtain ␦ 1 Јϭ150 nm, ␦ 3 Јϭ52 nm. While the calculated result for the first-order focus agrees well with that measured, the difference between the calculated and measured results is large for the third-order focus. There are several possible reasons why the measured focal spot size is larger than the calculated one, including mechanical vibration between the PZP and the knife edge, error in the placement accuracy of the zones, and error in the determination of the exact focal plane. The latter one may be the most likely reason because it was hard to determine the exact focal plane as the fluorescence signal from the knife edge was weak and a knife-edge scan took about several hours to complete.
The focusing efficiency has been defined as the percentage of incident x-ray beam delivered to the focus. 13 In our experiment, it is determined by the ratio of the intensity of the focused beam and the total integrated intensity illuminating the ZP. The incident beam intensity was sampled using a 20-m-diameter pinhole at several positions of the illuminating beam. The intensity variation found to be less than 15%. The average flux density over 20 sample points was then used to calculate the integrated incident beam intensity, which was obtained as the product of the average flux density and the area of the ZP. The detector used was an ionization chamber. To measure the focused beam intensity, a 20-m pinhole was scanned in the focal plane, and the focus spot intensity distribution was obtained. The focused beam intensity was then obtained by subtracting from the maximum intensity at the focus the intensity near but outside the focus, which accounts for all contributions other than the positive first-order focused beam, including undiffracted zero order and all diffraction orders except the first positive order. Using this procedure, we obtained a focusing efficiency of 13%. This value is smaller than the calculated value of 19%, based on a previously published formula assuming a Auzone/open-zone ratio of unity. 5 The actual Au-zone/openzone ratio in the ZP varies along the radial direction and this may explain the difference between the measured and calculated values. Furthermore, the actual thickness of the ZP may be smaller than 0.9 m, which could also contribute to the difference. Nevertheless, even with 13% focusing efficiency, the flux density gain at the primary focus of the zone plate was about 10 5 .
IV. X-RAY MICROPROBE
We have developed an x-ray microprobe using a PZP as the main focusing optic at the APS. This microprobe combines the high performance of a PZP with the high brilliance of the APS undulator radiation. A photon flux density exceeding 5ϫ10 10 /(s m 2 ϫ0.01%BW) has been obtained. The scanning microprobe has many unprecedented capabilities by adding submicron spatial resolving power to the wide range applications of x rays. The microprobe is very flexible and versatile and can be used simultaneously to perform x-ray diffraction microscopy, fluorescence microscopy, spectromicroscopy, and three-dimensional ͑3D͒ tomography with submicron spatial resolution. It has been used for a broad range of applications since its commissioning in December, 1996. For example, it has been used in the study of the symbiotic relation between plant root and fungi, platinumbased anticancer agents, integrated laser/modulator microdevices, electromigration in Al wires in semiconductor devices, and submicron spatial resolution 3D tomography of a single cell. As an example, Fig. 2 shows images of the spatial distribution of P, Ca, Fe, and Cu in a single biological cell. These images were obtained by recording fluorescence signals of those elements as a function of the relative position of the cell with respect to the focus of the PZP. While the significance of the results obtained from these images is outside the context of this article, the ability of imaging many elements in a single biological cell, including minor trace elements such as Fe and Cu, with a spatial resolution of 150 nm is a first of its kind.
In conclusion, we have developed a high performance PZP and demonstrated the focusing of 8 keV x rays to a spot size less than 100 nm ͑FWHM͒ for the first time using the third-order focus. The first-order focal spot size ͑FWHM͒ is 150 nm, and the flux density gain is about 121 000. The PZP has been used to construct a state-of-the-art x-ray microprobe that has been used for a variety of important microscopic studies.
